INTRODUCTION
Reactive oxygen species (ROS) are mainly produced in mitochondria during respiration by the incomplete reduction of oxygen, and as side-products of cellular reactions. 1) ROS are induced by environmental stressors, such as radiation, drugs, metal ions, UV and heat. [2] [3] [4] [5] Ionizing radiation generates radicals, including ROS and thereby causes damage to tissues, cells, and nucleic acids. 6) Animals, including humans, are exposed to ionizing radiation from natural and artificial sources such as radon, cosmic rays, and nuclear medicine. Previous studies have demonstrated DNA damage from reactive oxygen-centered radicals, including hydroxyl radicals, in response to γ-ray radiation. 7) Many antioxidants, such as vitamin E and C confer radioprotection, 8) but at present there is no approved drug available for the prevention or treatment of Acute Radiation Syndrome. Polyphenols have a remarkable spectrum of pharmacological activities, partially because of their antioxidative and free radical-scavenging properties. Resveratrol (3, 5, 40-trihydroxy-trans-stilbene) is a polyphenolic phytoallexin found in a variety of plant products, 9) it is a potent anti-oxidative chemical, and has garnered interest in its protective effects for common complex conditions. [10] [11] [12] Besides its anti-carcinogenic and anti-oxidative effects, 9, 13, 14) resveratrol has been reported to have beneficial effects on life span in Saccharomyces cerevisiae, 9) some invertebrates (Drosophila melanogaster, Caenorhabditis elegans (C. elegans), 15, 16) as well as in fish (Nothobranchius furzeri) 17) and mammals. 18) Cellular damage caused by oxidative stress after radiation is one of the key factors responsible for aging. Indeed there is a close relationship between energy production through mitochondrial function and aging. 19) Aging resulting from increased ROS levels has often been associated with mitochondrial respiratory chain dysfunction, and was demonstrated previously in experiments with C. elegans mutants such as isp-1, gas-1, mev-1. [20] [21] [22] Recent studies have shown that resveratrol treatment could delay aging in C. elegans 9, [23] [24] [25] and that resveratrol can extend life span via C. elegans SIR-2.1, a member of the Sir-2 family of NAD+-dependent protein deacetylases. 15) Resveratrol has also been shown to protect ROS-induced cell death by inhibiting ROS formation, 26) preventing mitochondrial dysfunctions 27) and restoring the SOD activity. 28) Therefore, its robust antioxidant effects make resveratrol an attractive candidate for radioprotection.
Caenorhabditis elegans also is an attractive model animal. The worms are easily handled and sensitive to environmental stimuli, including radiation. They are highly similar to mammals with regard to pharmacological mechanisms, due to the fact that 60-80% of human genetic homologues have been identified in C. elegans. 29) Moreover, C. elegans has been used to study stress responses induced by microwaves, chemicals, and lector-magnetic fields. [30] [31] [32] It is therefore, an excellent candidate for in vivo investigation of pharmacological agents responsible for ionizing radiation.
In this study, we examined the effects of
60
Co γ-radiation on the life span of C. elegans wild-type N2 and a sir-2.1 mutant. We further investigated whether resveratrol affects ROS accumulation, a major cause for aging. Finally, because the energy requirements of a cell are thought to be related to the number of mitochondria in that cell and their mtDNA content, 33) we assessed changes in number of mtDNA copies after irradiation of animals with or without pre-exposure to resveratrol.
MATERIALS AND METHODS

Chemicals
Resveratrol (Sigma, St. Louis, MO) was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 50 mg/ml and stored at -20°C. 2, 7-dichlorodihydrofluorescein-diacetate (H2-DCF-DA) (Sigma) was used as a fluorescent probe.
Animals and culture conditions
The strains in this work included wild type N2, VC199 [sir-2.1(ok434)], and CF1553 [muIs84 [pAD76 (sod-3::GFP)]] were provided by the Caenorhabditis Genetics Center (CGC) at the University of Minnesota. VC199 [sir-2.1(ok434)] is a SIR-2.1 mutant, CF1553 are transgenic animals with green fluorescent protein (GFP)-labeled SOD-3 whose expression is induced by oxidative stress, 34) enabling visualization of expression of the anti-oxidant enzyme SOD-3. C. elegans were cultured on standard nematode growth medium (NGM) with living Escherichia coli OP50 bacteria at 20°C.
35)
Nematode treatment with resveratrol and γ-ray radiation Worms were treated with resveratrol as described previously. 15) Resveratrol was dissolved in DMSO to a final concentration of 100 mM, and added at an appropriate ratio to molten agar NGM. The NGM with DMSO alone was confirmed to have no influence on the worms. Animals were exposed to 60 Co γ-rays (32 Gy/min) at room temperature, and incubated at 20°C. 36 ) Animals were exposed to 60 Co γ-rays at L1-L2 stage. ROS, SOD-3 and mtDNA were detected at young adult.
Life span
Life span assays were performed at 20°C. The eggs were hatched at a NGM plate without food overnight, then starved L1 animals were obtained and placed on seeded NGM petri plates, and synchronous growth began with the reintroduction of food. Synchronized animals were transferred to treatment plates as young adults, irradiated, and then transferred to fresh treatment plates every 2 d. Death was scored by failure to move after being prodded with a platinum wire. Treatment plates contained standard NGM media with resveratrol of various concentrations from 10 μM to 1 mM.
Quantification of intracellular ROS in C. elegans by diacetate (DCF) assay
Measurement of intracellular ROS in C. elegans was performed as previously described.
37) The amount of ROS was quantified with the membrane-permeable non-fluorescent dye 2,7-dichlorodihydrofluorescein-diacetate (H2-DCF-DA) (Sigma, St. Louis, MO, USA), which can enter the cell where it is converted to a polar non-fluorescent derivative (dichlorofluorescein diacetate, H2-DCF), then H2-DCF is rapidly oxidized to the highly fluorescent 2',7'-dichlorofluorescein (DCF) in the presence of intracellular ROS. After resveratrol treatment, animals were washed twice with M9 buffer (22 mM KH2PO4, 22 mM Na2HP4, 85 mM NaCl, 1 mM MgSO4) and transferred to 1 mL of M9 buffer that contained 10 μM CM-H2DCFDA and incubated for 30 min at 20°C. To determine the fluorescence of DCF, fixed nematode sam- 
Quantification of GFP-labeled SOD-3 expression
The GFP of the transgenic strain CF1553 [muIs84 [pAD76 (sod-3::GFP)]] can be induced by many environmental stresses, oxidative stress especially and the expression of reporter GFP can reflect the level of sod-3. 38) All tests were at the young adult stage. The level of GFP expression was measured using a fluorescence microscope. The relative fluorescence of the whole body (head was not included) was determined densitometrically using ImagePro ® Plus version 6.0 (Media Cybernetics, Bethesda, MD, USA).
Determination of mitochondrial DNA (mtDNA) copy number
The mtDNA copy number was determined using the quantitative PCR assay previously described. 39) Primers sequences for Taqman probes are listed in Table 1 . DNA was prepared by using a DNA extraction kit (Promega, Madison, WI, USA), and the samples were analyzed in a 7300 RealTime PCR System (Applied Biosystems, Foster City, CA USA). The data were calculated using the absolute quantification method. The mtDNA copy number was normalized to nuclear DNA copies.
Statistical analyses
Results of lifespan experiments were analyzed using Kaplan-Meier survival analysis and compared among groups scoring for significance using the log-rank test. Otherwise, the values are represented as mean values ± standard deviation (SD). The results of ROS and SOD-3 were tested with unpaired t tests between resveratrol treated and untreated group. The results of mtDNA were tested with analysis of variance (two-way ANOVA), and the significance was tested with Dunnett-t tests and SNK-q tests. Differences were considered significant when p was < 0.05 (*) or p was < 0.01 (**). 60 Co γ-radiation.
RESULTS
Resveratrol increases stress resistance and survival after
As shown in Fig. 1A & Table 2 , dietary resveratrol extended both maximum and mean life span of wild-type C. elegans, not exposed to radiation, in a dose-dependent manner from 10 μM to 1 mM. Doses > 1 mM were not tested, as there was no significant difference between treatment with 100 μM and 1000 μM (p > 0.01). Accordingly, all other experiments were performed with 100 μM resveratrol. Additionally, resveratrol inhibited 60 Co γ-ray radiation-induced (Fig. 1C & Table 2 ).
γ-radiation shortened the life span of sir-2.1 mutants, while resveratrol pre-treatment in irradiated sir-2.1 mutants extended mean life span by 2.66 d (p < 0.01) and the maximum life span by 6 d (p < 0.01) (Fig. 1D & Table 2 ), indicating that resveratrol extends life span after irradiation through mechanisms other than SIR-2.
Effects of resveratrol pre-treatment on ROS levels after 60
Co γ-ray irradiation of C. elegans DCF assay experiments revealed that radiation increased ROS accumulation in wild-type C. elegans, and that resveratrol treatment reduced ROS levels (Fig. 2) . The radioprotective effects of resveratrol were further demonstrated in the CF1553 transgenic worm, which exhibit oxidative stressinduced expression of GFP-labeled SOD-3. As shown in Fig. 3 , γ-ray irradiation after treatment with 100 μM resveratrol led to decreased expression of the anti-oxidative enzyme SOD-3 in CF1553 animals compared to CF1553 animals that were not treated with resveratrol. These SOD-3 expression findings were consistent with the DCF assay results in wild type. These data showed that pre-treatment with resveratrol in vivo can help scavenge free radicals generated by radiation exposure. Fig. 2 . The effects of resveratrol (Res) on ROS level. Intracellular ROS were measured in the C. elegans nematodes using 2, 7-dichlorofluorescein diacetate (DCF-DA; Molecular Probes). 60 animals (n = 60) from each group were analyzed, and results are expressed as mean ± SD of relative fluorescence unites (RFU).*p < 0.05; **p < 0.01.
Effects of pre-treatment with resveratrol on mitochondrial function after 60 Co γ ray irradiation
Our experiments showed that γ-ray irradiation resulted in a decreased number of copies of mtDNA, and that preadministration of resveratrol rescued the number of mtDNA copies to the control value (Fig. 4) . These data suggest that resveratrol exposure could reduce ROS accumulation and prevent the radiation damage to mitochondria.
DISCUSSION
In the present study, we showed that resveratrol extended the lifespan of non-irradiated wild-type C. elegans, and inhibited irradiation-related damage while extending lifespan of irradiated wild-type C. elegans. Although a recent study showed that the effects of resveratrol on life span were mediated through SIR-2 in C. elegans, 15) we found that resveratrol could also be observed in sir-2.1 mutant C. elegans, indicating that there are SIR-2 independent mechanisms involved in resveratrol's mechanism of action. We examined the intracellular ROS level and SOD-3 expression to measure oxidative stress. In these experiments, resveratrol significantly reduced the oxidative potential of exogenous γ-ray irradiation, suggesting its radioprotcective effects may be due to powerful antioxidant effects. 40) Finally, we showed that resvertrol pre-treatment alleviated the effects of γ-ray irradiation on mtDNA copy number in C. elegans.
Radiation damage has been found to be closely related to oxidative stress and most radiation-induced reactive oxygen or nitrogen (ROS/RNS) are mitochondria-dependent. 41) Additionally, radiation damage can increase point mutations and deletions in mtDNA. 42) Our finding that resveratrol alleviated irradiation-induced reduction of mtDNA copy number is consistent with several prior studies that have shown that resveratrol can improve mitochondrial function and increase mitochondrial biogenesis. 43, 44) The biogenesis of new mitochondria may help regulate mitochondrial function and maintain normal activity, 45, 46) which may be the mechanism underlying the radioprotective effects of resveratrol.
In C. elegans, SIR-2.1 mediates nematode aging via DAF-16, but Viswanathan et al. 15) reported that resveratrol extends life span in C. elegans through a mechanism that is sir-2.1-dependent, but also daf-16-independent. Meanwhile JNKdependent signaling pathway is regulated by sir-2 and involved in the anti-apoptotic effect of resveratrol. [47] [48] [49] [50] In addition, Microarray analysis and RNA interference assays confirmed that abu-11 and other members that were related with endoplasmic reticulum stress were critical for resveratrol-mediated increases of C. elegans life span. Therefore, JNK-dependent signaling pathway, the genetic interaction between abu-11 and other signal such as aak-2, skn-1, 2) and osr-1 4) pathways are in need of further investigation. Incidentally, Carsten et al. 51) demonstrated that resveratrol can reduce the frequency of radiation-induced chromosome aberrations in mouse bone marrow cells, and Green et al. 52) reported that acetylated resveratrol may be radioprotective if administered before irradiation. In our work, we not only showed a radioprotective capacity of resveratrol, but also revealed some mechanisms responsible for this observation. Further research should aim to assess the clinical potential for using resveratrol as a radioprotective agent.
In conclusion, the radioprotection of resveratrol in C. elegans might be attributed to its capacity to lower oxidative stress through direct ROS-scavenging activity and minimize mitochondrial dysfunctions. The results also suggested resveratrol has potential use as a drug to mitigate radiation damage in the future.
